A pseudolysogenic phage, PMB1, was isolated from soil on the basis of its ability to increase the sporulation frequency of the oligosporogenic Bacillus pumilus strain NRS 576 (sporulation frequency, <1%). Several spore-negative mutants (sporulation frequency, <10-8) derived from strain NRS 576, which were converted to spore positive by infection with PMB1, were subsequently identified. PMB1 repeatedly grown on a given spore-negative mutant (e.g., GW2) converted GW2 cells to spore positive. Each plaque-forming unit initiated the conversion of a spore-positive clone in semisolid agar overlays. GW2 cells remained spore positive as long as they maintained PMB1. Return of PMB1-converted cells to the original spore-negative phenotype correlated with loss of PMB1. In liquid media, PMB1 infection increased the sporulation frequency of mutant GW2 over 106-fold. More than half of the spore-negative mutants we isolated from strain NRS 576 were converted to spore positive by PMB1 infection. PMB1-induced spores of the spore-negative mutant GW2 were somewhat more heat sensitive than uninfected or PMB1-infected spores of the sporepositive parent of GW2. PMB1-induced spores of GW2 do not differ from wildtype spores in morphology by phase-contrast microscopy, dipicolinic acid content, or rate of sedimentation through Renografin gradients.
Spore formation in bacteria involves a complex sequence ofbiochemical and morphological changes that mediate the conversion of metabolically active vegetative cells to the dormantspore state. Mutations defining genetic loci that control sporulation have been identified in members of the related Bacillus species Bacillus subtilis, B. licheniformis, and B. pumilus (16, 27, 35; Lovett, unpublished data) . Based on studies carried out primarily with B. subtilis, specific spore-negative mutations appear to block cells at discrete stages of sporulation (16, 35) . However, gene-enzyme relationships for most putative "spore genes" remain unknown.
We have considered experimental approaches that should allow the isolation from nature of phages that convert specific sporenegative mutants to the spore-positive phenotype, in the expectation that the genomes of such converting phages might represent selfreplicating DNA molecules enriched for a gene(s) that positively influences sporulation. This type of converting phage has not been previously reported. Therefore, the present report describes both the rationale that leads to screening for such a phage and the properties of one phage, PMB1, that converts certain sporenegative mutants of B. pumilus to spore-positive.
MATERIALS AND METHODS
Bacteria, media, and growth conditions. Strains used in this study are listed in Table 1 . Additional strains and several uncharacterized spore-negative mutants of B. pumilus W20 were used in a limited portion of this investigation. These are not listed in Table 1 but are noted in the text or in Table 2 . Flagella-negative mutants derived from B. pumilus NRRL B-3225 were previously described (21) .
Media used include tryptose blood agar base (TBAB; Difco), Spizizen minimal medium (29) , and AK sporulation agar (BBL) supplemented with 10-3 M MgSO4. Liquid media used include antibiotic medium no. 3 (Penassay broth [PB] , Difco) and liquid AK prepared according to the manufacturer (2) but omitting agar and adding MgSO4 to 10-3 M.
Incubation was at 37°C unless specified; liquid cultures were grown with rotary shaking.
Mutagenesis. Spore-negative derivatives of B. pumilus strains were obtained by plating on AK agar cells mutagenized with nitrosoguanidine (25) or spores mutagenized with ethyl methane sulfonate (18) . Initial screening for spore-negative variants was based on our observation that, in general, spore-negative mutants ofB. pumilus do not become white and opaque during 2 days of incubation on AK agar, whereas the wild-type (spore-positive) colonies do. This procedure clearly would select against spore-negative mutants that do not differ from wild type in colony morphology.
Purification of PMB1 and PMB1 DNA. The contents of a single PMB1 plaque gave rise to a phage pPL576 + or -refers to the presence or absence of a specific plasmid; Osp indicates oligosporogenic; Sp+ and Sp-indicate whether the strain is spore positive or spore negative. NG indicates mutant was derived by mutagenesis with N-methyl-N'-nitro-Nnitrosoguanidine (25) . EMS indicates mutagen was ethyl methane sulfonate (21) .
b Phenotype of W20 is spore positive. PMB1 does not appear to significantly increase sporulation frequency. lysate of about 10"' PFU/ml when inoculated into 20 ml of a PB culture ofB. pumilus NRS 576 and grown overnight. Cells were removed by low-speed centrifugation, and the resulting supernatant fraction was centrifuged for 2 h at 40,000 rpm in a Ti5O rotor at 4VC. The phage pellet was overlayed with 0.2 ml of Penassay broth, held at 4"C for 12 h, and then resuspended by using a pipette. The concentrated phage was mixed with cesium chloride (CsCl) in TM buffer (21) to achieve an average buoyant density of 1.5 g/ cm3. Tubes containing 5-ml quantities of the mixture were centrifuged for approximately 24 to 30 h at 40,000 rpm in an SW50.1 rotor at 4"C. The resulting gradients were fractionated by dropwise collection through the tube bottom. Fractions were assayed for PFU. In certain instances the visible phage band was collected in a single fraction. The fractions) containing the majority of phage was diluted with an equal volume of TMA buffer (21) and dialyzed against TM buffer overnight at 4"C.
Phage labeled with [3H]adenine (New England Nuclear Corp.) was prepared by including the isotope in semisolid agar overlays (0.01 mCi/ml). The host cells were GW2 (Ade-Met-). Phage were prepared by the plate lysis technique and purified as above. Purified PMB1 particles labeled with
[3H]adenine were suspended in TES buffer (0.02 M Tris-hydrochloride, 0.1 M NaCl, 0.005 M EDTA, pH 7.5) at about 1011 PFU/ml and gently shaken with an equal volume of TES-saturated phenol (Mallinckrodt Chemical Works) for 10 min at room temperature. After low-speed centrifugation, the aqueous layer was re-extracted with phenol and dialyzed against TES at 4°C. PMB1 plaque assays. Dilutions of phage in Penassay broth (0.1 ml) were mixed with about 108 indicator cells (e.g., GW2) and 2.5 ml of melted semisolid agar (0.6% agar-0.8% sodium chloride, in 1% tryptone broth) and plated on a 25-ml basal agar layer. The basal agar was TBAB when the purpose of the plaque assay was only to determine phage titer. In this case, subsequent incubation of the plates was at 37°C for 18 h. When the purpose of the plaque assay was to determine the ability of PMB1 to convert an indicator cell to spore positive, the basal agar was AK agar. In this case, incubation was at 30°C for 1 to 5 days. PMB1 forms plaques with equal efficiency at 30 or 37°C on either TBAB or AK. However, conversion of cells to spore positive appeared more extensive on AK at 30°C than on TBAB at 30 to 37°C.
Gradient centrifugation of DNA. Isolation of covalently closed circular duplex DNA by cesium chloride (CsCl)-ethidium bromide gradient centrifugation, sedimentation of DNA through 5 to 20% neutral and alkaline sucrose gradients, and determination of buoyant density by CsCl gradient centrifugation in an analytical ultracentrifuge were each described in detail previously (24) . In sucrose gradients, the reference was [14C]thymidine-labeled T7 DNA, which was assigned an S value of 32 in neutral gradients and of 37 in alkaline gradients (30) . PBP1 DNA (p = 1.691) was reference for determination of the buoyant density of PMB1 DNA (21) . Calculations were according to Schildkraut et al. (28) .
Purification of spores. Spores for analysis were prepared by spreading about 107 cells on AK agar plates. Subsequent incubation was at 30°C for 4 days. The resulting growth (consisting mainly of spores) was harvested into 0.1 M sodium phosphate buffer, pH 7.2 (2 ml per plate). GW2 spores were prepared by spreading 0.1-ml mixtures containing about 107 GW2 cells and 106 PMB1 PFU on AK agar plates and allowing incubation to continue for 4 days at 30°C. The resulting preparations were washed with buffer, incubated at 37°C for 1 h with DNase I (50 tLg/ml) RNase (50 ,g/ml), and lysozyme (100 /ig/ ml), and then heated at 70°C for 30 min. The spores were washed twice with buffer and centrifuged (7,500 rpm) through linear Renografin (13) gradients (30 to 90%) for 15 min at room temperature, using an SW25.2 rotor. In some cases the gradients were fractionated through the tube bottoms. In most cases the visible spore band was removed by puncturing the side of the tube. The spores were washed with sterile water, heat-shocked (70°C for 30 min), and stored in water at 4°C. Prior to germination, the spores were again heat-shocked.
Isotopically labeled spores were prepared by allowing sporulation to take place in semisolid overlays containing 0.01 mCi of [3H] or [14C]adenine per ml on basal AK agar. Spores were collected after 4 days at 30°C by scraping the semisolid layer and were purified as above.
Miscellaneous. Dipicolinic acid content of spores was assayed as described (19) . PMB1 one-step growth curves were performed according to Adams (1) . PBS1 transduction was as described previously (25) . Mutants of W20 deficient in protease production were screened on the casein medium previously described (15) .
RESULTS
Isolation of phage PMB1. The genomes of many Bacillus phages can be trapped in spores during a combined phage infection and the events of sporulation (14, 31) . In the natural environment for most Bacillus species, the soil, spore-trapped phage genomes presumably have a selective advantage over free virus particles due to the protection provided by the spore. Therefore, certain phages that infect naturally occurring, low-frequency, sporulating strains of Bacillus (oligosporogenic strains) might have developed a mechanism to "induce" sporulation in cells that would not have sporulated otherwise. Such converting phages would have a selective advantage over nonconverting phages.
B. pumilus NRS 576 is a natural (i.e., nonmutant) oligosporogenic isolate; cultures grown from individual NRS 576 spores sporulate at a frequency below 1% (22) . The oligosporogenic phenotype of NRS 576 correlates with the presence of a specific plasmid (22, 23 CsCl-ethidium bromide gradient centrifugation of the DNA extracted from a plasmid-negative derivative of NRS 576, W20, infected with PMB1 contained no detectable covalently closed circular duplex DNA. Therefore, we were not capable of demonstrating that PMB1 is carried by cells as a supercoiled DNA molecule.
The morphology of PMB1 is shown in Fig. 1 . Dimensions of the phage, based on measurements from micrographs of seven virus particles, are as follows: the total length of PMB1 is 416 + 9 nm; head dimensions are 161 + 4 by 122 + 3 nm; dimensions of the contracted tail sheath are 138 + 4 by 22 + 2 nm.
PMB1 has been shown to mediate generalized transduction of chromosome markers and plasmid pPL10 at frequencies on the order of 10-8 to 10-9 transductants per PFU (5 PBP1, both infect only actively motile strains (21, 25) . By contrast PMB1 plates equally efficiently on two flagella-negative derivatives of B. pumilus NRRL B-3275 and the wild-type parent (21) .
The latent period and burst size of PMB1 at 370C were 54 ± 3 min and 87 + 7, respectively, using early-log-phase cultures of each of five hosts, including NRS 576, W20, GM45, GR1, and GW2 (see Table 1 ). The burst size of PMB1-infected cells decreased progressively when cells to be infected were withdrawn from cultures in late log phase or early stationary phase (Fig. 2) . The decreased ability of phage-infected, late-log-or early-stationary-phase cells to yield a normal phage burst size has been demonstrated in several Bacillus phage-host systems (14) and appears likely to be a requirement for spore trapping of phage genomes. Studies carried out in B. subtilis and B. cereus with Oe and CP51, respectively, indicate that the reduced burst size detected when late-logor early-stationary-phase cells are phage infected results from a reduced ability of the host to transcribe the phage DNA (6, 20) . Similar studies have not been performed with PMB1.
DNA extracted from PMB1 particles had a buoyant density of 1.709 g/cm3 and sedimented at 55 ± 2 S in neutral sucrose gradients (Fig. 3) . In alkaline sucrose gradients, PMB1 DNA appeared as numerous irregular small peaks throughout the gradient (data not shown). tants to spore-positive. PMB1 was isolated on the basis of its ability to increase the sporulation frequency of strain NRS 576. It was previously shown that the sporulation frequency of NRS 576 increased concomitant with loss of the plasmid pPL576, suggesting that the presence of pPL576 may be inhibitory to sporulation (22) . It therefore seemed possible that PMB1 enhancement of NRS 576 sporulation resulted from elimination of pPL576. This is not the case, however, since PMB1-infected derivatives of NRS 576 retained a normal copy number of pPL576 (-2/chromosome; 22) and loss of PMB1 from infected NRS 576 cells returned the cells to the oligosporogenic phenotype.
W mutants are plasmid-negative, high-frequency sporulating derivatives of strain NRS 576 (22) . GW2 is a spore-negative mutant (sporulation frequency <10-8) derived from a W mutant, W20, by nitrosoguanidine mutagenesis. PMB1 was cloned six times on GW2, a final high-titer lysate was prepared and purified as described in Materials and Methods, and plaque assays were performed using GW2 cells as indicator (Fig. 4) . After 24 plaque centers became white and opaque and contained predominantly spores, as judged by phase-contrast microscopy. The background lawn contained no visibly detectable spores. After 5 days of incubation, the cells in the background lawn had lysed extensively, thus improving photographic visualization of the spore-positive plaque centers (Fig. 4) . The data indicate that phage grown and plaque assayed on the same spore-negative strain exhibits a ratio of spore-positive convertants to PFU of 1, and each PFU initiates the conversion process.
PMB1-mediated conversion of GW2 to spore positive was also demonstrable in liquid AK medium. Infection of a midlog-phase GW2 culture with PMB1 at multiplicity of infection of 10 yielded about 4 x 106 spores/ml after 48 h of incubation at 30'C ( Table 2) . Uninfected GW2 cells did not sporulate at a detectable frequency. The frequency of GW2 sporulation induced by PMB1 in liquid AK was much lower than would be predicted on the basis of one convertant per PFU determined in plaque assays. The basis for this discrepancy is presently not known.
In addition to GW2, 32 of 59 independently isolated spore-negative mutants of strain W20 were converted to spore positive by PMB1 infection. A phenotypic characteristic of a class of early blocked spore-negative mutants ofB. subtilis 168 is the lack of production of extracellu-DAY I 1 D 5
FIG. 4 . Plaque assay conversion of GW2 cells to spore positive. PMB1 grown on the spore-negative mutant GW2 were purified by CsCl density gradient centrifugation, dialyzed, and plated on GW2 in a semisolid agar overlay using a basal layer ofAK agar. Incubation was at 30°C. A single plate was photographed at day 1 (20 h of incubation) and day 5. The turbid center of each plaque detected on day 1 was spore positive (visually detected as white and opaque) after 2 days of incubation. Day 5 was chosen for photographic purposes since at this time period the majority of the background spore-negative cells had lysed. GW2 4.3 x 108 <10 GW2 + PMB1 6.0 x 108 4.0 x 106 a GW2 was grown to midlog phase in AK broth at 30'C. The culture (2 x 108 cells/ml) was split, and half was infected with PMB1 at a multiplicity of infection of 10. Incubation was continued, and samples were withdrawn at the times indicated to assay for total viable units and heat-resistant (70'C, 30 min) viable units (spores). lar proteases, the SpoO phenotype (16, 35) . All mutants of W20 that were convertible by PMB1, including GW2, were protease positive. Three of the nonconvertible mutants were protease negative, and the protease-negative phenotype linked to the lys-100 marker (30 to 50% linkage) by PBS1-mediated transduction. These data indicate that "SpoO-like" mutants ofB. pumilus may not be convertible by PMB1.
Properties of PMBl-induced GW2 spores. PMB1-induced spores of GW2 were prepared, purified by centrifugation in Renografin gradients, and heat-shocked at 700C for 30 min (see Materials and Methods). Colonies (562) resulting from germination and overnight growth of these spores on TBAB each liberated infectious phage, as determined by transferring the colonies to lawns of PMB1-sensitive cells (GW2). No infectious activity was detected when the colonies were transferred to indicator lawns of GW2 pseudolysogenic for PMB1.
Colonies arising from growth of GW2 spores on TBAB gave rise to two distinct colony types when restreaked on TBAB or AK agar. In a typical experiment, a single spore-positive GW2 colony was restreaked and yielded 62 well-separated colonies. Fifty-nine were spore positive (detected on AK) and each retained PMB1 infectious activity. The three remaining were spore negative and these did not retain PMB1 infectivity. These three spore-negative colonies retained the nutritional requirements of GW2 (Ade-Met-) and each could be converted to spore positive by cross streaking with PMB1 on AK agar.
Exposure of purified GW2 spores to 60°C had no detectable effect on the colony-forming activity of the spores or on the spore-associated plaque-forming activity (Fig. 5) . This temperature was sufficient to inactivate 99.9% of the plaque-forming activity of free PMB1 particles. The colony-forming activity of the GW2 spores was more rapidly inactivated at 85°C than spores of the GW2 parent, W20, or W20 harboring PMB1 (Fig. 6) .
GW2 spores and spores of W20 both contained 100 + 8 ,g of dipicolinic acid per mg (dry weight). In addition, no difference could be detected between W20 spores and PMB1-induced spores of GW2 when mixtures of the two were sedimented through Renografin gradients (Fig.  7) . DISCUSSION Bacteriophage conversion denotes a change in the phenotype of a bacterium resulting from Comparison of heat sensitivity of free PMB1 particles and PMB1 entrapped in GW2 spores. GW2 spores induced by PMB1 infection were prepared, purified by Renografin gradient centrifugation, washed, and suspended in sterile 0.1 M sodium phosphate buffer, pH 7.2. Spores were held at 60°C and periodically assayed for colony-forming units and plaque-forming activity (using GW2 as indicator). Free PMB1 phage held under comparable conditions were rapidly inactivated. Free PMB1 was not detectably inactivated at 40°C under otherwise comparable conditions. VOL. 22, 1977 6 . Stability of PMB1-induced GW2 spores, W20 spores, and PMB1-infected W20 spores at 85TC. Spores were prepared on AK agar as described in the text and purified by Renografin gradient centrifugation. Spores were suspended in 0.1 M sodium phosphate buffer, pH 7.2, and held at 85TC. Samples were assayed for colony-forming activity as indicated in the figure. Symbols PMB1-induced GW2 spores (@); W20 spores (U); W20 PMB1-infected spores (0). Greater than 80% of the PMB1-infected W20 spores actually carried infectious virus as determined by transferring colonies grown from germinated spores to lawns of GW2.
infection by a specific "naturally occurring" phage and, in most cases, relatively stable inheritance of the infecting phage genome by the host (3). The classic example of phage conversion involved the demonstration that diphtheria toxin production by strains of Corynebacterium diphtheriae resulted from lysogeny with J3 phage (3, 11) . It is now clear that the structural gene for diphtheria toxin is linked to genes essential for replication of f3 phage (17) . Accordingly, in a f3 phage lysate, essentially each plaque-forming particle is also a converting particle. Phage conversion has been demonstrated in a variety of other bacterial systems (e.g., see 3, 10, 26, 32) . It seems reasonable to suspect that converting phages may have acquired their "converting genes" during infection of a host in nature, possibly through a mechanism similar to the laboratory generation of nondefective specialized transducing particles (8) . Alternatively, in some cases the conversion events may reflect phage-specific functions essential to maintenance or replica- (7) have characterized a second Thy+-con-verting phage ofB. subtilis, phl, which appears related to 03T. In addition, two other temperate phages of B. subtilis reduce the transformability of the host upon lysogeny, which may be viewed as a type of phage conversion (12, 34) .
The present report describes the conversion of specific spore-negative mutants of B. pumilus to spore positive as a consequence of infection with phage PMB1. Essentially, each plaque-forming particle is capable of initiating the conversion process as determined in plaque assays. Moreover, loss of PMB1 from infected cells restores the cells to the original sporenegative phenotype. It is not presently known whether the ability of PMB1 to convert sporenegative cells to spore positive reflects a phage function essential to virus replication or expression. Several mutants of PMB1 that show a reduced ability to convert but not a complete conversion-negative phenotype have been isolated (Keggins, unpublished data).
Several possible mechanisms can be suggested to account for PMBl-mediated conversion. PMB1 may harbor a gene(s) that complements a specific spore-negative mutationss. Alternatively, PMB1 may code for a component (an intermediate or cofactor) that many sporenegative mutants cannot synthesize. A third possible mechanism for PMB1 conversion requires that the virus genome harbor a suppressor gene that allows translation of certain nonsense codons. Therefore, only spore-negative mutations resulting from the generation of the specific nonsense codon would be converted. Although this latter possibility cannot be exluded, PMB1 is incapable of converting over 25 auxotrophic mutations in W20 or NRRL B-3275 to prototrophy (Bramucci, unpublished data) . Further analysis of the conversion process is clearly required to distinguish among these, and other, explanations of this unusual example of phage conversion.
The rationale proposed for the existence of sporulation-converting phages (see Results) predicts that among phages isolated for B. pumilus NRS 576 many should be spore converting, since this phenotype would be selected for in nature. Five soil samples taken from relatively distant sites in Maryland each contained at least one type of spore-converting phage for NRS 576, suggesting a rather general occurrence of this class of phage.
